The following chemicals were used without further purification: Gold colloids (Ted Pella Inc.); hydrogen peroxide, hydrochloric acid, ammonium hydroxide, hydrogen fluoride (Fisher Scientific); toluene (anhydrous, 99.8 %), isopropyl alcohol (IPA), methyl butyl ketone (MIBK), 1:3 MIBK:IPA developer, 950 k poly(methyl methacylate (PMMA, 4 % in Anisole), (Sigma-Aldrich); N-(2-aminoethyl)-11-aminoundecyltrimethoxysilane (AATMS, > 95 %, Gelest Inc.). Doubly-distilled and deionized water (Barnstead Sybron Corporation water purification Unit, resistivity of 19.0 MΩcm) was used for cleaning apparatus and for washing substrates.
Cost of implementation.
Given the preliminary nature of these results, only a qualitative discussion of implementation costs of the method in a VLSI/CMOS process flow is presented below.
a. The cost of nanoparticles is high since these are gold nanoparticles and the nanoparticle size is controlled by successive separation. However, the gold NPs could be replaced with cheaper silica nanoparticles which would reduce the cost. b. Thermal annealing step employed in resist reflow would be comparable in cost to the prebaking/postbaking steps commonly employed in the standard lithographic processing. Therefore this step could be carried out on similar equipment. c. The costs for O 2 plasma etching of the resist would be comparable to oxygen ashing. d. The wet etching of nanoparticles would be inexpensive as it does not use any exotic chemistry, only relying on inexpensive HF (for silica particles) and Iodine/KI mixture (for gold nanoparticles). e. The main cost would be in the deposition process as it would take at least few hours; however as discussed before, multiple wafers in a single deposition bath allows parallel processing.
Thus, the method does not require creation of new tools for its implementation. Our conjecture is that the overall costs would be comparable to, or lower than, the conventional multiple patterning.
Figure S1: Molecular Structure of AATMS. At the pH employed during nanoparticle deposition both amine groups are expected to acquire positive charge as typical values of pKa for primary (secondary) amines are above 9 (7.5). 2, 3 Equation S1 A simple steric model to calculate nanoparticle packing density on the surface Assuming random loose packing of gold NP on the derivatized surface, it is easy to show that the packing density on the surface is given by: β= 2 for the closest square planar packing as shown to the right. For the fit shown figure 1 we let α and β vary as free parameter to account for loose packing on the surface. Table S3 . The particle density on surface depends on the pH of depositing solution Figure S2 Effect of ionic strength on particle density, and mean separation between particles. The change in ionic strength affects the Debye length which in turn controls the packing density according to the equation given in IV above. Area ratio Figure S4 The equilbrium area ratio (total area of nanoparticles deposited/μm 2 area of substrtate, 4 th column Table S1 ) is independent of particle size(shown) or concentration (not shown). The error bars were evaluated from the three times the standard deviations in the avarage particle densisty σ given in the Table S1 . Linear fit gave slope of 0.003 ± 0.002 and intercept of 0.76 ± 0.06 and zeroth order fit gave the draw red line with intercept of 0.87 ± 0.09. Thus, within experimental errors the slope is zero. These studies preliminary provide guidance for future optimization of deposition process that would involve variation of ionic strength, pH of the depositing solution as well as variation in charge density in resist polymer, SAM. The overall goal here is to improve fill fractions and though electrostatic/surface interactions. It should be noted that in these studies the ionic strength of the nanoparticle dispersion varies. We believe the extraporlated limiting hole size (≈ 25nm) can be reduced by changing surface charge densities of the PMMA and SAM exposed to the depositing solution (see below). P transistor >gate length+contact width P transistor >gate length+D. Based on these consideration the proposed via fabrication scheme would potentially enable 5nm gate length.
General limitations and methods to improve the approach (1) Improved nanoparticle centerning in holes:
As can be gleaned from the FFTs presented in Figure 4 the positional misplacment degrades the registry of the fabricated holes. This results from Gaussian positional distribution with respect to the center of hole as shown in Figure 7 . Electrostatic funneling potential and the corresponding force, in the Classical Derjaguin Limit(CDL), that drives the nanoparticle to the hole center, are given as 1 : . ker
The corresponding geometric parameters are defined in the figure below: The experimental data in Figure 3 b, bottom right was fitted to a simple weighted potential as follows:
Where U(r) is defined above. Remarkably by varying just two parameters l d and γ 0 the data can be well fitted to extract the values of these two parameters. Knowing values the charge densities (see main text) it is possible to relate them to different surface potentials of GNP and PMMA using equations given elsewhere 4 to further improve the U(r). As data in figure below can also be readily fitted to simple Gaussian with insignificant difference in χ 2 , adding these additional parameters in the equation was considered over parameterization. Here ρ i 's are the effective charge densities on solution exposed surfaces of wafer (i.e., the exposed hole bottom, ρ SAM and PMMA resist, ρ PMMA ). Here z and r SAM are the thickness of the resist film and radius of the holes in the photoresist film, respectively. Both classic Derjaguin approach as well as simple electrostatic approaches provides us with consistent guidance in improving the method. 
